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Abstract 
    To meet the ambitious goals of both the United States and China for advancing the deployment of Carbon Capture 
Utilization and Storage technology will require an improved understanding of the magnitude and geographical 
distribution of carbon geologic storage (CGS) resources. Evaluation of CGS resources and the fractional component 
of practical storage capacity is thus a major focus of research in both nations. In this paper, our purpose is to carefully 
evaluate the sources of uncertainty that propagate into regional-scale CGS resource estimates and assess the extent to 
which uncertainty may be reduced by applying increasingly informed levels of geologic characterization. We achieve 
this objective by focusing on two geologic basins of great similarity but with varying amounts of data the Illinois 
Basin in the United States and the Ordos Basin in China. Our investigation focuses on storage resource in deep saline 
formations because large-scale greenhouse gas mitigation is expected to require the use of this CGS resource. To 
accurately compare results from different basins and different nations requires applying a common methodology for 
estimating CGS resources.  In this study we follow the methodology published by the U.S. Department of Energy. 
    Results demonstrate that in both the Illinois and Ordos Basins, review of the open literature is adequate for 
identifying the saline formations that should be considered as potential targets for geologic storage (i.e., regionally 
extensive porous formations having an overlying low permeability seal at a minimum depth of 800 meters). Analysis 
of such prior work allows for an initial, simple quantification of CGS resources at regional scales by applying 
probabilistic-based storage efficiency factors to generalized maps of bulk formation characteristics. Resource 
characterization may be improved through more advanced analysis when data are available, however, demonstrating 
that enhanced characterization leads to a quantifiable reduction in uncertainty appears problematic. This difficulty in 
demonstrating reduced uncertainty led us to identify some key issues in applying the published Department of Energy 
(DOE) methodology for resource estimation. 
    Our primary finding is that the DOE methodology underestimates storage resource uncertainty because it does not 
account for error in the total formation bulk rock pore volume. The methodology uses storage efficiency factors that 
account only for uncertainty in the fraction of this total formation pore volume that can effectively store CO2. Thus 
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the uncertainty range for formation storage resource is based on just a single realization of the total formation pore 
volume. To evaluate the significance of this impact we use data from the Mount Simon Sandstone formation in the 
Illinois Basin to account for this additional uncertainty in a probabilistic manner. The resulting storage resource 
estimates at the 10th and 90th percentile probability range from 18 to 313 gigatonnes, compared to 24 and 253 
gigatonnes when following the standard published methodology. Also noteworthy from our analysis of the Mount 
Simon Sandstone is the fact that our results are significantly larger than the resource estimates published in the DOE 
Sequestration Atlas (11 and 151 gigatonnes for the 10th and 90th percentile range). It appears that the range in the 
published resource estimate values for the Mount Simon Sandstone may be significantly underestimated not only 
because of the formation pore volume issue discussed above, but also as a result of over discounting the resource by 
applying the published total storage efficiency factor values to a formation area that was already reduced to a net 
area. Our results provide insight on some important issues and challenges to applying the DOE methodology in a 
broader range of CGS resource characterization analyses. We conclude that further refinement of the DOE 
methodology is necessary to provide a more robust assessment of the uncertainty that exists in regional-scale CGS 
resource estimates. 
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1. Introduction 
In the United States, the federal Department of Energy (DOE) and the U.S. Geological Survey are 
funding comprehensive efforts to evaluate carbon geologic storage (CGS) resources in saline formations, 
oil and gas reservoirs, unmineable coal areas and organic shale formations.  Publication of summary 
results in the form of best practice manuals, a Sequestration Atlas [1], and a National Carbon 
Sequestration Database (http://www.natcarbviewer.com/) help fulfill some of the key requirements 
recognized by the international community as being necessary to accelerate the deployment of Carbon 
Capture, Utilization and Storage (CCUS) technologies [2].  In China, a national-scale storage atlas has yet 
to be published, but the government is similarly funding a major research program in CCUS, including 
support for the collaborative U.S.-China Clean Energy Research Center, Advanced Coal Technology 
Consortium.  With a focus on demonstration-scale CCUS projects, this Consortium aims to advance the 
technology needed to implement large-scale CGS programs by verifying the effective geologic storage 
capacity of CO2 in key rock units. 
Meeting the ambitious CCUS goals of both nations requires an improved understanding of the 
magnitude and geographical distribution of CGS resources and the portion of those resources that may be 
considered as practical storage capacity.  In this paper, our purpose is to carefully evaluate uncertainty in 
regional-scale CGS resource estimates and assess the extent to which we can demonstrate a reduction in 
uncertainty by undertaking increasingly sophisticated levels of geologic characterization.  Geologic basins 
around the world have varying levels of available data upon which to evaluate CGS resources and the 
results of this study are meant to help shed light on the level of uncertainty in resource estimates that may 
be expected for a particular basin.  This objective is achieved by applying a common resource calculation 
methodology and analysis workflow to two geologic basins with varying degrees of data availability the 
Illinois Basin in the central United States and the Ordos Basin in north-central China. The common 
approach used to estimate CGS resources in both basins is the methodology published by the U.S. 
Department of Energy [1], [3]. 
The Illinois and Ordos Basins were also selected for this study because of their geological similarity 
and strategic importance.  Both basins are intracratonic, containing thick stratigraphic sections of mixed 
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siliciclastic and carbonate strata as well as significant oil and gas reservoirs and coal seams.  Both basins 
are also home to industrial activity and power generation that emit significant amounts of CO2 to the 
atmosphere, thus both are promising candidates for large-scale CGS implementation.  We focus this 
investigation on storage resource in saline formations because large-scale greenhouse gas mitigation is 
expected to require the use of this CGS resource. Specifically we focus on two siliciclastic saline 
formations that are key sequestration reservoir targets in each basin the Cambrian Mount Simon 
Sandstone in the Illinois Basin and the Permian Shiqianfeng Group in the Ordos Basin.  The Mount 
Simon Sandstone is already being tested as a commercial-scale CGS reservoir with approximately 0.3 
million tonnes of CO2 injected into the formation over the past year at the Midwest Geological 
 
 
2. CGS Resource Estimation Methodology 
In the DOE methodology, the calculation of CGS resource follows a volumetric approach in which 
bulk formation properties are multiplied by storage efficiency factors derived from Monte Carlo sampling 
to statistically define the portion of the saline formation volume that could potentially store CO2, as 
follows: 
 
GCO2 = At hg tot  Esaline               (1) 
 
where GCO2 [M] is the mass estimate of CO2 storage resource, At [L2] is the geographic area defining the 
region being assessed for storage, hg [L] is the gross thickness of the saline formation being assessed 
within the region defined by At, tot [L3L-3] is the total porosity of the assessed formation volume, -
3] is the density of CO2 evaluated at storage conditions and Esaline is the total CO2 storage efficiency factor 
that reflects the fraction of the total pore volume that is filled by CO2. 
The DOE method is specifically designed to generate regional-scale, high-level estimates of storage 
resource to help guide further inquiry of CCUS potential by interested parties.  The method assumes that 
potential saline formation reservoirs are hydrologically open systems in which ambient fluids are 
displaced by the injected CO2. The saline total storage efficiency factor is made up of five terms: 
 
Esaline = EAn/At Ehn/hg E e/ tot Ev Ed                (2) 
 
where EAn/At is the net-to-total area fraction of the region where the formation is suitable for CO2 storage, 
Ehn/hg is the net-to-gross thickness fraction of the formation that meets injectivity requirements, E e/ tot is 
the effective-to-total porosity fraction of the formation with accessible porosity, Ev is the volumetric 
displacement efficiency for CO2 fluid contact, and Ed is the microscopic displacement efficiency 
accounting for the fraction of pore space with irreducible in situ fluids. When all five terms are included 
to assess the storage volume of a given saline reservoir in a basin, the total storage efficiency factor is 
estimated to lie between 0.4 and 5.5 percent of the total saline formation volume [3].  If reservoir 
characterization work is undertaken to evaluate the geologic variables in the net-to-total area, net-to-gross 
thickness, and effective-to-total porosity terms, then explicit reduction of the total formation pore volume 
can be carried out which leads to the application of higher efficiency factors derived from just the 
displacement term effects (i.e., 7.4 to 26 percent) [3]. In this study, a hierarchical progression of geologic 
characterization is undertaken which results in multiple methods of resource estimation for the same 
formations: (1) simple characterization using spatially distributed gross thickness and constant porosity, 
(2) diagenetic or facies-based porosity models, (3) refinement into geologic subunits with variable 
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thickness and porosity, and (4) net porosity via reservoir cutoff thresholds.  The results from method 1 are 
analogous to the resource estimates published in the DOE Sequestration Atlas, thus allowing us to 
compare our results from the Illinois Basin with those already published in the open literature. For the 
Ordos Basin, a lack of available data effectively limits our analysis to methods 1 and 2 only. 
Figure 1. Geological model of the Mount Simon Sandstone saline formation in the Illinois Basin study area (view is looking 
southwest). The color ramp indicates elevation of the formation with respect to mean sea level (equivalent depth is approximately 
300 to 4300 m below land surface). Inset maps show the location of the study area and the gross thickness of the formation ranging 
up to 800 m in the northern portion of the basin. The stars denote the location of the Midwest Geological Sequestration 
-scale project that has begun injecting up to 1 million tonnes of CO2 into this saline formation. 
3. Results from the Illinois Basin 
Geophysical logs and core analyses from 125 wells in and around the Illinois Basin study area were 
used to develop a 3D geological model of the Mount Simon Sandstone formation. Figure 1 provides a 
visualization of this saline formation in the subsurface along with an inset map showing the thickness 
distribution across the study area. Our simplest approach to estimating storage resource is to calculate the 
total formation pore volume as the product of the gross thickness map shown in fig. 1 and an assumed 
estimation since it is so broadly applicable, including in basins that have very little data available in the 
public domain by which to further characterize potential reservoir formations. In our study of the Illinois 
Basin we were able to compile over 3,000 conventional core analyses that indicate porosity of the Mount 
Simon Sandstone is normally distributed with a mean of 0.095. Using this mean porosity value and a 
constant CO2 density of 700 kg/m3, along with the total efficiency factors for clastic formations published 
in the DOE Sequestration Atlas [1] resulted in a median storage resource estimate of 94 gigatonnes (Gt) 
and the 10th (P10) and 90th (P90) percentile probability values of 24Gt and 253 Gt, respectively (i.e, a 10% 
and 90% probability that the resource is less than this value). This result is notably larger than the 
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estimate published in the DOE Atlas (11 to 151 Gt for P10 to P90 range) even though we have followed the 
same method.  Further analysis is reserved for the discussion section. 
The availability of core analyses and other data have led prior researchers to determine that diagenesis 
(compaction and/or cementation) has caused a general reduction in porosity with depth in the Mount 
Simon Sandstone [4], [5]. As a second method of estimating storage resource we applied the exponential 
function of Medina et al. [5] to calculate a variable spatial distribution of porosity that accounts for this 
diagenetic effect. Results from this method show a slightly reduced median storage resource estimate of 
85 Gt compared to method 1, with a range of 22Gt to 230 Gt for the P10 to P90 values.  These results are 
shown as method 2 in figure 2 below, along with the resource estimates calculated from other methods. 
Figure 2. Storage resource estimates for the Illinois Basin Mount Simon Sandstone (black) and the Ordos Basin Shiqianfeng Group 
Sandstone (red) using multiple methods.  Median estimates are shown in bold with the dashed lines representing the range over the 
10th (P10) and 90th (P90) percentile probability rankings. 
Enhanced characterization of the Mount Simon Sandstone has been the focus of several studies over 
the past few years owing to this formation being identified as one of the prime targets for CGS 
implementation in the U.S.  Most recently, the analysis from new wells drilled for the demonstration-
scale injection project at Decatur, Illinois [6] and regional-scale cross sections [7] and mapping [8] led us 
to generate a revised resource estimate based on the refinement of the formation into 3 separate subunits.  
In particular, these studies have identified a regionally extensive arkosic lower unit as a viable reservoir 
target with greater porosity than would be predicted from our depth-dependent diagenetic model. For our 
third method of resource estimation we disaggregate the 3D model into 3 subunits, each with their own 
variable thicknesses and porosity distributions the diagenetic model for the upper and middle units, and 
a prescribed porosity value of 0.112 for the lower unit based on the mean value from core analyses. 
Results for method 3 were very similar to the prior methods (fig. 2) with the median value of 91 Gt lying 
between methods 1 and 2. 
Although the progression of these 3 methods is expected to lead to improved resource estimates with 
reduced uncertainty, none of the methods attempt to account for known local-scale heterogeneity. The 
final method in this study incorporates such heterogeneity by detailed analysis of geophysical log data 
from 40 wells in and around the study area with available porosity logs (neutron, density or sonic 
methods).  Based on the analysis of Medina et al. [5] we use a minimum porosity cutoff value of 0.07 to 
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define the portion of the formation that is considered a viable reservoir for CO2 storage.  Applying this 
method results in an explicit calculation of the net-to-gross thickness of the reservoir which is then 
interpolated across the geological model domain.  In addition, we used the geological model to explicitly 
define the net area of the viable reservoir by clipping out the volume where the depth to the reservoir-seal 
contact is less than 800 m (see stippled line on inset map in fig.1). Finally, by assuming that this net 
porosity is also effective porosity justifies application of the published storage efficiency factors for 
displacement only terms [3].  Results from method 4 are exceptionally larger than other estimates (fig. 2). 
4. Results from the Ordos Basin 
In our study of the Ordos Basin we focus the analysis on the Shiqianfeng Group Sandstone (figure 3) 
since it provides a reasonable analogue for comparison to the results from the Mount Simon Sandstone.  
Our objective in comparing these two formations within the hierarchical framework for resource 
estimation (i.e., multiple methods of increasing complexity) is to try and illuminate how the level of 
uncertainty in resource estimates might be expected to evolve for any particular regional-scale 
investigation. For the case of the Shiqianfeng Group Sandstone, all of the data used to construct the 3D 
geological model and evaluate petrophysical properties were derived from review of the open literature, 
including several hundred journal articles and over one hundred academic theses [9]. The relative lack of 
data available for characterizing this formation effectively limits our ability to estimate storage resource 
to only 2 methods. The first method is the standard approach using gross thickness isopach and constant 
porosity of 0.125 applied to the sandstone facies component of the formation (estimated as 20% of the 
total formation). The second method uses available but sparse well data to generate a deterministic model 
of fluvial (sand) and lacustrine (shale) depositional facies within the Shiqianfeng Group to estimate net 
sandstone thickness and corresponding formation-level porosity. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Geological model of the Shiqianfeng Group Sandstone in the Ordos Basin, China. Color ramp indicates elevation of the 
top of the formation and of the land surface. Inset maps show the location of the study area and the facies-based porosity model. 
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Assuming a constant CO2 density of 650 kg/m3 resulted in a median storage resource estimate of 25 Gt 
with a range of 6 Gt (P10) to 69 Gt (P90).  Results from method 2 were nearly twice as large as method 1, 
with a median resource estimate of 45 Gt and a range from 11 Gt (P10) to 121 Gt (P90). 
5. Discussion 
A key objective of this study is to evaluate whether reduced uncertainty in storage resource estimates 
can be quantifiably demonstrated by undertaking progressively more sophisticated levels of geologic 
characterization. Results show this to be problematic for both the Illinois Basin and Ordos Basin case 
studies. To demonstrate reduced uncertainty requires that the P10 to P90 probability ranges shown in figure 
2 decrease with the more advanced methods, which clearly was not the case. Although varying data 
availability across the different methods makes it difficult to declare that uncertainty truly must have 
decreased, this study has revealed some important limitations in the current DOE methodology for 
resource estimation. Most significant is the fact that the methodology does not account for uncertainty in 
the total formation bulk pore volume, but rather only in the fractional component of that single pore 
volume that might effectively store CO2. As a result, the probability ranges from this methodology do not 
provide a truly robust estimation of uncertainty in the formation storage resource. Thus when the total 
formation pore volume changes as a result of applying a different method of geologic characterization, 
quantifiably compare results in the context of uncertainty.  
Figure 4. Distribution of the Mount Simon Sandstone storage resource estimates for the (a) P10 probability value and (b) P90 
probability value as a function of uncertainty in the storage formation bulk pore volume (PV). Uncertainty in PV arises from the 
inherent uncertainty in the storage formation porosity (Phi) and gross thickness (ISO).  Accounting for these factors effectively 
extends the range of uncertainty in the storage resource estimates beyond the values calculated using the DOE methodology. 
To evaluate the significance of this impact we conducted a probabilistic analysis of the Mount Simon 
Sandstone (figure 4) by generating 1,000 realizations of formation pore volume using Monte Carlo 
sampling of probability density functions (PDFs) for formation porosity and gross thickness.  The PDF 
for porosity was based on our core analysis database (normal distribution with mean of 0.095 and 
standard deviation of 0.037) but with a reduced standard deviation of 0.015 to account for upscaling to the 
formation-level porosity (i.e., change of support effect). Uncertainty in gross thickness was evaluated by 
the random removal of well control data points and recalculating the formation isopach, resulting in an 
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estimated 10% standard deviation of a normally distributed PDF. Figure 4 shows how accounting for the 
additional uncertainty from these factors translates into a broader distribution of results for calculating the 
P10 and P90 probability of occurrences, effectively extending the range of uncertainty beyond the values 
calculated using the DOE methodology.  In this case, P10 decreased from 24 to 18 Gt and P90 increased 
from 253 to 313 Gt, thus providing a more robust assessment of the uncertainty in storage resource.  The 
cumulative distribution functions shown in figure 4 illustrate that uncertainty in porosity contributes 
significantly more than gross thickness to the overall uncertainty in the total formation pore volume. 
Another important limitation of the DOE methodology is that it does not have the flexibility to assign 
tighter confidence intervals for resource estimates that are generated from more advanced characterization 
using richer sources of data. Relying on a set of constant efficiency factors to calculate the range of 
uncertainty in resource estimates is inherently limited.  Further issues were identified with regards to the 
appropriate application of published efficiency factors. In the DOE Atlas, storage resource for the Mount 
Simon Sandstone in the Illinois Basin was estimated to range between 11 Gt (P10) and 151 Gt (P90).  Our 
equivalent estimate (i.e., using method 1) is much larger at 24 to 253 Gt. This is in part due to slight 
differences in the defined boundaries and isopachs, and our use of a larger estimate of the mean formation 
porosity 0.095 from core data versus 0.08 used in the DOE Atlas calculation. But this difference is also 
attributable to the fact that the Atlas calculation applied the published total storage efficiency factors to a 
net area (i.e. clipped using the 800 m depth criteria) rather than the total area. Such an application will 
effectively over discount the resource.  Testing with our model of the Mount Simon Sandstone showed 
that such an over discount amounted to a 15% underestimation of the resource. This result highlights the 
need for a more complete set of published efficiency factors in the DOE methodology to account for a 
broader range of resource characterization studies.  It is common to be able to refine the net-to-total area 
component based on published depth-to-formation data, yet the current methodology does not have the 
utility to adjust this term in the total storage efficiency factor (in fact its prescribed P10/P90 range of 0.2 to 
0.8 makes it the largest contributing term in the total efficiency factor uncertainty). A simple 
disaggregation of the individual efficiency terms is not accurate for calculating probability results (e.g., 
multiplying the five individual P90 term values for equation 2 results in 13.9% which is a factor of 2 to 3 
larger than the published P90 values for the total efficiency factors). 
A final note with regards to efficiency factors is the clear impact that applying the larger, 
displacement-only factors had on our results (method 4 in fig. 2). By explicitly reducing the formation 
pore volume via our analysis of net-to-total area, net-to-gross thickness, and effective-to-total porosity in 
method 4 justifies the use of the larger published efficiency factors, but the results appear anomalously 
large. Similar results were notably observed in a recent study of the St. Peter Sandstone formation in the 
Illinois Basin, as well as in the Michigan Basin despite significant well control (252 wells) [10]. Clearly 
there remains some uncertainty in our results from this 4th method that arises from the net-to-gross 
thickness evaluation and interpolation, as well as from the other geologic terms (particularly considering 
the limited well control for the Mount Simon Sandstone) but the published efficiency factors do not 
provide a means of accounting for this uncertainty.  
6. Conclusions 
Estimation of CGS resources using increasingly informed levels of characterization is expected to lead 
to reduced uncertainty.  In this study, the progression of resource estimates from simple to more advanced 
methods did not provide a quantifiable reduction in uncertainty; rather, the calculated range of uncertainty 
actually increased. This result highlights a number of limitations with the current DOE methodology. Our 
primary finding is that the DOE methodology underestimates storage resource uncertainty because it does 
not account for error in the total formation bulk rock pore volume. Evaluating the significance of this 
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impact via probabilistic analysis of the Mount Simon Sandstone formation showed that estimates at the 
10th and 90th percentile probability range from 18 to 313 gigatonnes, compared to 24 and 253 gigatonnes 
when following the standard published methodology. Also noteworthy from our analysis of the Mount 
Simon Sandstone is the fact that our results are significantly larger than the resource estimates published 
in the DOE Sequestration Atlas. It appears that the published resource estimate values are underestimated 
not only because of the formation pore volume issue discussed above, but also as a result of over 
discounting the resource by applying the published total storage efficiency factor values. Our results 
provide insight on some important issues and challenges to applying the current DOE methodology in a 
broader range of CGS resource characterization analyses. We conclude that further refinement of the 
DOE methodology is necessary if it is to provide a truly robust assessment of the uncertainty that exists in 
regional-scale CGS resource estimates. 
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